Infant feeding practices have an impact on health in later life, although the evidence for its effects on cardiovascular health is not so clear. The aim of this study was to investigate the relationship between breastfeeding in infancy and vascular function in later childhood. Infant feeding data, together with demographic and clinical information, were obtained prospectively from a cohort of children from birth until 2 years of age. Vascular function was assessed in 159 children, now aged 11-14 years, by measuring their skin microvascular responses to iontophoretic administration of the endothelium-dependent vasodilator acetylcholine. Endothelial function was significantly better in children who had been breastfed than in those who had received infant milk formula (p = 0.001), after adjustment for potential confounding factors. Linear regression showed that acetylcholine responses were significantly related to the duration of breastfeeding (r = 0.30, p = 0.006). The risk of later cardiovascular disease may be reduced by exclusively breastfeeding during infancy. These findings have potential public health implications, and support policies aimed at promoting breastfeeding.
Introduction
There is substantial evidence that infant feeding practices impact on health in later life. Breast milk, in particular, is associated with less gastrointestinal illness in infancy 1 and fewer respiratory problems in childhood. 2 However, its effects on cardiovascular health are less clear. While breastfeeding is associated with an improved lipid profile in adolescence 3 and adulthood, 4 and has been reported to protect against ischemic heart disease, 4 prolonged breastfeeding may also impair arterial function in early adulthood. 5 Breastfeeding has been related to blood pressure reduction in childhood, 6 adolescence, 7 and adulthood. 8 Endothelial dysfunction has been linked to the development of atherosclerosis and to the risk of cardiovascular events. 9 It is found in adults who have risk factors for coronary heart disease but no angiographic signs of atherosclerosis, and is therefore likely to precede, or be an early marker of, atherosclerosis in adults. Importantly, endothelial dysfunction has been found in asymptomatic children with other cardiovascular risk factors, 10 and in those with a low birth weight. 11 The aim of this study was to investigate whether the method of infant feeding influences microvascular function in children aged 11-14 years. We tested the hypothesis that breastfeeding in infancy has a beneficial effect on endothelial function in later life.
Methods

Participants
We recruited children from whom demographic, clinical, and feeding data were collected prospectively over their first 2 years of life. 1, 2 At this time, the children were aged between 11 and 14 years, and all were white Caucasians except for one who was of south Asian origin. The study was approved by the Tayside Committee on Medical Research Ethics, and conformed with the principles outlined in the Declaration of Helsinki. Every child and parent or guardian gave written, informed consent to their participation.
Data on several parental variables were collected from previous and current records (age, parity, social class, height, smoking habit, marital state, age at leaving school, complications in pregnancy), in addition to infant factors (birth weight, sex of child, gestational age, Apgar score, neonatal jaundice). The current socioeconomic status of the family was determined according to the occupation of the main wage-earner and categorized as manual (skilled manual, unskilled, or unemployed) or nonmanual (professional, white collar).
Infant feeding
The original data collection for the Dundee Infant Feeding Study has already been described in detail. 1 In brief, the methods of infant feeding from birth until 2 years of age were obtained initially from the hospital records and then, after discharge, collected by the health visitor during planned home visits. For the current study, participants were divided into two milk feeding groups. Participants defined as 'not breastfed' were those who had received breast milk for less than 1 week, while 'breastfed' participants had received breast milk for 1 week or more. The timing of introduction of solid food was also recorded, and participants were categorized into those for whom solids were introduced early (<15 weeks) or later (>15 weeks).
Anthropometric and demographic characteristics
Each child attended for a single visit at the Vascular and Inflammatory Diseases Research Unit, Dundee. A trained observer measured their height, weight, waist:hip ratio and skinfold thickness, from which their body mass index (BMI = weight/ height 2 ) and percentage body fatby the method of Brook 12were calculated. Pubertal status was determined using a self-assessment questionnaire, and categorized from 1 to 5 according to the Tanner classification. The children attended after fasting overnight. Plasma glucose was measured with a Beckman Analyzer using the glucose oxidase method, and serum lipids were measured using a Hitachi 917 fast random analyser. Plasma insulin was measured using an enzyme-linked immunosorbent assay, and the fasting insulin resistance index was calculated (FIRI = glucose × insulin/25). This indirect marker of insulin resistance has been validated against the euglycaemic clamp method. 13 Blood pressure was measured in triplicate using a random zero sphygmomanometer.
Microvascular function
Microvascular measurements were conducted in a laboratory set at 22 ± 1°C. Participants were seated with their arms supported at heart level. We assessed microvascular function, as described in detail elsewhere, 10 by measuring forearm skin blood flow responses to iontophoresis of acetylcholine (ACh; Sigma-Aldrich Co. Ltd, Poole, UK) and sodium nitroprusside (SNP; David Bull Laboratories, Warwick, UK), which are endothelium-dependent and endothelium-independent vasodilators, respectively. We used a delivery current of 100 μA, and administered each drug as a successive accumulation of 10, 20, 40 and 80 s doses; effectively 1, 2, 4, and 8 mC. The resulting changes in microvascular skin blood flow (termed laser Doppler flux) were assessed using laser Doppler imaging (moorLDI; Moor Instruments Ltd, Axminster, UK). For each dose response, the mean value was calculated, and divided by the baseline measurement to give a ratio representing change in flow.
This combination of iontophoresis and laser Doppler imaging has also been used successfully by others, 11 and the good reproducibility of the technique has been confirmed. 14, 15 Statistical analysis Statistical analysis was performed using SPSS for Windows (SPSS UK Ltd, London, UK). Differences in variables between non-breastfed and breastfed children were examined using t-tests or chi-squared tests. The association between vascular responses and breastfeeding and other variables were analysed using multivariate analysis of variance (ANOVA). Potential confounding factors included blood pressure, fasting glucose, cholesterol, BMI, percentage body fat, birth weight, sex of child, Tanner classification, socioeconomic group, timing of introduction of solids, and physical activity. In all cases, significance was acknowledged if the probability of a type-1 error was less than 5% (i.e. p < 0.05).
Results
Of the 159 individuals enrolled in the study, complete feeding data were not available for 11 and in a further five individuals vascular responses could not be measured because of technical reasons. These participants were therefore excluded from the analyses. Table 1 gives the characteristics of 143 participants in the two groups. Of the non-breastfed children, 30 out of 41 were exclusively formula-fed and received no breast milk at all. The remaining 11 individuals were only breastfed for a mean duration of 0.25 weeks (range 0.2-0.5). In those who were breastfed, the mean duration of breastfeeding was 29.8 weeks (range 1-102 weeks). Table 1 shows that all other parameters were comparable between the groups, except for a lower socioeconomic status (p = 0.001), higher systolic blood pressure (p < 0.05) and later introduction of solids (p = 0.036) in Group 1 (those who were not breastfed).
In an ANOVA model examining the effect of milk feeding groups on ACh responses, and including timing of introduction of solids, socioeconomic status, systolic blood pressure, and sex as covariates, ACh responses were significantly greater in those who were breastfed (p = 0.001, Figure 1 ). Additional inclusion of fasting glucose, cholesterol, BMI, percentage waist:hip ratio, birth weight, Tanner classification, and physical activity did not change the significant relationship between ACh responses and breastfeeding (p = 0.001). Using a similar ANOVA model for examining the effects of milk feeding on SNP responses, we found no association between SNP responses and breastfeeding (p = 0.647, Figure 2) .
The data were also analysed using breastfeeding duration as a continuous variable. Linear regression showed that ACh responses were significantly related to duration of breastfeeding (r = 0.30, p = 0.006, Figure 3 ). Adjusting for sex, socioeconomic status, and timing of introduction of solids improved the association between ACh responses and duration of breastfeeding (β = 0.420, p = 0.001). Further adjustments for fasting glucose, cholesterol, BMI, percentage waist:hip ratio, birth weight, Tanner classification, and physical activity did not have an effect on the relationship between ACh responses and duration of breastfeeding (β = 0.455, p = 0.001). Values are mean ± standard deviation. BMI, body mass index; LDL, low density lipoprotein; HDL, high density lipoprotein. Socioeconomic class was determined according to the occupation of the main wage-earner and categorized as 1 (professional, white collar) or 2 (skilled manual, unskilled, or unemployed). Physical activity was defined as the number of days of exercise over 14 days. a p < 0.05; b p = 0.001. Figure 1 Microvascular responses to ACh in breastfed and non-breastfed children. Breastfed children had significantly higher responses than those who were not breastfed (p = 0.001). Values are means ± standard deviations.
Figure 2
Microvascular responses to SNP in males in breastfed and non-breastfed children. There was no significant difference between the groups (p = 0.647). Values are means ± standard deviations.
There were no significant differences in body weight between those who were not breastfed and those who were breastfed at birth (Table 1) , 17 weeks (6.31 ± 0.60 vs 6.36 ± 0.82 kg) or 52 weeks (10.33 ± 1.47 vs 9.67 ± 1.22 kg).
Discussion
Breastfeeding in infancy is associated with beneficial effects on health in later life. In the present study, where information regarding infant feeding practices was collected prospectively during the first 2 years after birth, we have shown that, after adjusting for potential confounding factors, breastfeeding in infancy was associated with better endothelial function in later childhood. One of the reasons for poor cardiovascular health in the lower social classes could be related to infant feeding practice. However, although there was a difference in socioeconomic status between the milk feeding groups, vascular responses were not significantly different between the socioeconomic groups and adjusting for this had no effect on the analysis.
Other factors associated with not breastfeeding and the lower socioeconomic status of these families may have influenced the difference in endothelial function between these groups of children. These include the current dietary habits of the participants and their families, the smoking status of other members of the family, and the incidence of familial cardiovascular disease. Unfortunately, information on these factors was not recorded in this study.
Recently, the World Health Organization, in its Global Strategy for Infant and Young Child Feeding (Geneva, 2003), has recommended exclusive breastfeeding for 6 months. Our findings support this recommendation as we found augmented vascular responses to ACh with longer durations of breastfeeding. This finding contrasts with the finding from one study which reported impairment of arterial function with prolonged breastfeeding. 5 We made our measurements of skin microvascular responses over a large area of skin, which gives more reproducible measurements than using singlepoint laser Doppler flowmetry. The low iontophoretic current we used produces a smaller charge density, which means that there is no involvement of sensory nerves and no axon-reflex-mediated vasodilatation. 16 Additionally, our pilot studies show that the response to ACh is reduced during brachial artery infusions of the inhibitor of endothelium-derived nitric oxide, L-NMMA (unpublished data). It is reasonable to believe, therefore, that ACh responses measured in the skin in this study are primarily related to non-neurogenic, endothelium-dependent vasodilatation. Impaired skin microvascular reactivity has been associated with increased cardiovascular risk in a number of studies, including those looking at coronary heart disease, 17 hypertension 18 and renal disease. 19 Previous studies have explored the relationship between early infant factors and later microvascular function, and have mainly looked at the role of low birth weight, although the findings have been inconsistent. Martin and colleagues reported reduced responses to ACh in 9-year-old children with a low birth weight, 11 whereas Ijzerman and colleagues found no effect of low birth weight on ACh responses. 20 Low birth weight has been associated with endothelial dysfunction in arteries in later life, 21 but no information regarding infant feeding was reported in this study by Leeson and colleagues. We did not find any relationship between endothelial function and birth weight, which is not surprising given that all our participants were born at term and were of normal birth weight.
The role of infant feeding on cardiovascular function has been investigated previously, looking mainly at the effect on later blood pressure. Studies show that breastfeeding is associated with a lowering of blood pressure at the age of 13-16 years in children born prematurely, 7 and at 6-9 years in children born at term, 2,6 while the consumption of formula milk is associated with an increase in blood pressure at the age of 23-27 years. 22 In keeping with these findings, the present study showed that breast-feeders had a lower systolic blood pressure than non-breast-feeders, although this difference in blood pressure was not associated with an effect on vascular responses.
Few studies, however, have looked specifically at the relationship between infant feeding and endothelial function. Recently, Singhal and colleagues suggested that a previously reported association Figure 3 Relationship between ACh response and duration of breastfeeding in breastfed children. There was a significant linear correlation between these measures (r = 0.30, p = 0.006).
between birth weight and later cardiovascular disease might be related to rapid growth in the first weeks after birth, 23 and have coined this association as the 'growth acceleration hypothesis'. In a study of children who had had a low birth weight, they showed that endothelial function was diminished in 13-16-year-old children who showed the highest rate of weight gain in the first 2 weeks after birth. They propose that the beneficial effects of breastfeeding might be operating through a reduction in the risk of early over-nutrition and over-growth. They also showed that less weight gain in the first 2 weeks after birth resulted in beneficial effects on insulin resistance. 24 In our study of term infants, we did not find any differences in early weight gain or current weight and BMI between the different milk feeding groups. It is still to be determined whether or not this is important with increasing age.
The mechanisms by which breastfeeding augments endothelial function are not known. Breast milk contains several substances that are not contained in formula. Long-chain polyunsaturated fatty acids (LCPUFAs) are present in breast milk but, until recently, not routinely available in formula, and it is therefore possible that formula-fed infants might be relatively deficient in LCPUFAs. The endothelial system is membrane-rich and uses LCPUFAs for its structural and functional integrity (to synthesize prostaglandins, for example), and a lack of LCPUFAs at critical periods of development might therefore lead to imbalances in endothelial function. We have shown previously that LCPUFA-supplemented formula has a beneficial effect on blood pressure in 6-year-old children 25 and we have also demonstrated that dietary supplementation with eicosapentaenoic acid and docosahexaenoic acid augments ACh-mediated vasodilatation in normal adults. 26 Thus, it is possible that some of the beneficial effects of breastfeeding on endothelial function are mediated by LCPUFAs.
Our findings in the microcirculation might have important implications for later cardiovascular function because microvascular dysfunction contributes to increased vascular resistance and can be considered a forerunner of hypertension. Endothelial dysfunction is probably the earliest event in the development of atherosclerosis and is now recognized as an important prognostic marker of cardiovascular status. Several studies have shown a relationship between endothelial dysfunction and future cardiovascular events. 9 The beneficial effect of breastfeeding on endothelial function suggests that this might be one of the important mechanisms by which early infant nutrition programmes cardiovascular status. These findings have potential public health implications, and policies aimed at promoting breastfeeding should be encouraged.
